This article presents the results of research into the influence of one, two and three wastewater feedings in a cycle on efficiency and performance of combined biological nitrogen and phosphorus removal in an integrated fixed-film activated sludge and moving-bed sequencing batch biofilm reactor (IFAS-MBSBBR). The experiment lasted 158 days and was conducted in two laboratory models of the IFAS-MBSBBR with an active volume of 28 L. It was found that along with an increase in the number of wastewater feedings, an increase in nitrogen removal efficiency was observed (from 56.9 ± 2.30% for a single feeding to 91.4 ± 1.77% for three feedings). Moreover, the contribution of simultaneous nitrification/denitrification in nitrogen removal increased (from 2.58% for a single feeding to 69.5% for three feedings). Systems with a greater number of feedings stimulated the process of denitrifying phosphorus removal. Regardless of the way in which wastewater feeding was applied to the IFAS-MBSBBR, highly efficient chemical oxygen demand (COD) removal (94.8 ± 1.80%) and biological phosphorus removal (98.9 ± 0.87%) were achieved.
INTRODUCTION
In recent years, hybrid wastewater treatment systems which combine the advantages of activated sludge and biofilm methods have received more attention. Using, in one system, microorganisms growing in activated sludge and biofilm allows the removal of C, N and P from wastewater to be optimised by increasing the efficiency of treatment through intensifying simultaneous nitrification/denitrification (SND) and enhancing anoxic uptake of P-PO 4 3À while reducing the demand for organic compounds (Lo ; Lo et al. ) .
One of the hybrid systems uses moving bed technology. A moving bed consists of elements that have a density close to the density of water and a high surface area that forms a base for microbial growth, which moves freely in the treated wastewater (Ødegaard ) . Most of the literature reports in this area refer to the integrated fixed-film activated sludge and moving-bed biofilm reactor (IFAS-MBBR) (e.g. Regmi et al. ; Di Trapani et al. ) . Only a few works have dealt with nutrient removal in the IFAS-MBSBBR (Lo et al. ; Yang et al. ; Lim et al. ) . The important advantages of sequencing batch reactors (SBRs) (no recirculation of sludge and wastewater, the lack of a secondary clarifier, lower oxygen demand and greater flexibility of technological processes control), combined with the advantages of hybrid systems justify carrying out research into optimising wastewater treatment in an IFAS-MBSBBR.
A possible method of intensifying the removal of nutrients from wastewater is the step-feed strategy. It has been the subject of numerous studies in continuous flow systems (Liang et Zhong et al. () analysed the efficiency of nitrogen removal in a laboratory model of a SBR with granular sludge with, respectively, three and four wastewater feedings in the cycle. Zhong et al. () noted that after introducing four step feeds, nitrogen removal efficiency increased from 48.1-59.5% to 89.7-92.4%. Chen et al. () showed that the step-feed strategy is an effective strategy for nitrogen removal even from wastewater with a low C:N ratio; at a C:N ratio of 3:1 nitrogen removal efficiency was 91%. Also, Puig et al. () obtained high nitrogen removal efficiency from actual wastewater (95% at a total nitrogen (TN) concentration in treated wastewater <2 mg TN/L) in the SBR with six wastewater feedings. An issue that is little recognised is the effect of the number of feedings in SBR systems on integrated biological N and P removal. Lemaire et al. () , when comparing single and triple feeding of abattoir wastewater in a mathematical simulation, showed the ability to achieve a lower concentration of N-NO x and P-PO 4 3À for a higher number of feedings (about 20 mg N-NO x /L and about 4 mg P-PO 4 3À /L for a single feeding and, respectively, 2.5 mg N-NO x /L and 0.02 mg P-PO 4 3À /L for a triple feeding). A theoretically determined high efficiency of nitrogen and phosphorus removal with a triple feeding was confirmed in the laboratory, obtaining, on average, 2.3 mg of N-NO x /L and 0.06 mg P-PO 4 3À /L.
To our knowledge, no studies have been conducted on the effect of the step-feed strategy in the IFAS-MBSBBR. This article presents the results of research into the influence of one, two and three wastewater feedings in the cycle on the efficiency and performance of the process of combined biological nitrogen and phosphorus removal in an IFAS-MBSBBR. The performance of SND, the use of extra-and intracellular carbon sources and the possible occurrence of the denitrifying phosphorus removal process were also analysed.
METHODS

Reactor operation
In total, 158 days of experiment took place on two laboratoryscale models of a IFAS-MBSBBR with an active volume of 28 L each.
The experiment was divided into three series which differed in the number of feedings in the cycle and in the sequence and duration of the phases without and with aeration, assuming a comparable ratio of the duration of phases without aeration in relation to the overall reaction time in the cycle (Series I and III -30%, Series II -32%). The IFAS-MBSBBRs were operated at three 8-hour cycles per day. The arrangement of phases in the reactors' cycles at each stage of the experiment, indicating the phase in which the IFAS-MBSBBRs were fed and the volumes of the wastewater feedings, are shown in Table 1 .
Each series lasted 2 months and was preceded by a 20day period of biomass acclimation to the new conditions. The concentration of oxygen in the aerated phases of the cycle was equal to 5 mg O 2 /L. The characteristics of the wastewater influent to the reactors were also constant ( Figure 1 ). Series I and II were carried out in two reactors operating in parallel (IFAS-MBSBBR 1 and IFAS-MBSBBR 2, respectively), and series III was carried out after series II in IFAS-MBSBBR 2. At the start, the biofilm on the carriers was already developed in both of the reactors because the experiment was preceded by an earlier 9-month research period. The scheme of the experimental setup is shown in Figure 1 . Each reactor with a working volume of 28 L was filled with EvU-Perl carriers for up to 25% of the reactor's active volume. Wastewater was supplied to the reactors in the unaerated phases in a volume of 10 L per cycle. The decantation coefficient was 0.4. The IFAS-MBSBBRs were thoroughly mixed in both the aerated and unaerated phases. In the aerobic phases the bioreactors were aerated using fine bubble aerators, and dissolved oxygen (DO) was controlled at 5 mg O 2 /L. This assured a thorough diffusion of oxygen into the biofilm (Hem et al. ) . Continuous measurement of DO in the reactors was conducted by using an optical probe Oxymax COS61D with a Liquiline CM442 (Endress-Hauser) controller. In the experiment, the sludge retention time (SRT) of 10 d was established. To obtain the assumed level of SRT, the sludge was withdrawn from the complete filled and mixed reactor directly before the sedimentation phase (the amount of withdrawn sludge was determined by its assumed age equal to 10 days and the average value of the concentration of suspended solids in the effluent in the previous three cycles). Reactor performance was automated by using DreamSpark Premium software.
The technological parameters describing the reactors' work in each series are shown in Figure 1 .
Chemical analysis
The scope of the analysis included the following: 0.45 μm filters. The monitoring tests allowed evaluation of the efficiency (E) and effectiveness (ɳ) of the biochemical process (removal of organic compounds, denitrification and phosphorus release and uptake) in consecutive phases of the cycle. The efficiency of each biochemical process in a single phase was calculated in accordance with the methodology specified in Podedworna & Zubrowska-Sudol (), with one differencethe load of removed contaminants was related to the volume of the wastewater in the reactor in the analyzed phase of the cycle (the concentration of biofilm biomass was not determined in the study, because it would lead to a large loss of carriers and change the assumed role of the moving bed in the active volume of the reactor over a long period of research). On the other hand, the effectiveness of individual processes was determined from the ratio of efficiency and load of the reactor by the substrate in the process.
All chemical analyses were performed in duplicate and in accordance with Standard Methods (APHA et al. ).
Microbiological studies
Samples of activated sludge and biofilm were taken from the reactors at the end of series II and III. The biofilm was fully removed from the carriers with the use of sterilised tools. Samples were fixed with 4% paraformaldehyde and stored at À20 W C. Identification of bacteria was carried out using fluorescence in situ hybridisation with oligonucleotide ribosomal ribonucleic acid-targeted probes (Genomed, Poland): EUB338, EUB338 II, and EUB338 III mixed in a 1:1:1 ratio (EUBmix) to detect all bacteria; PAO462, PAO651 and PAO846 mixed in a 1:1:1 ratio to detect polyphosphate-accumulating organisms (PAOs) known as Candidatus Accumulibacter phosphatis; and GAOQ431 and GAOQ989 mixed in a 1:1 ratio to detect glycogenaccumulating organisms (GAOs) known as Candidatus Competibacter phosphatis. The probes and optimal hybridisation conditions (hybridisation and wash buffer composition) were chosen according to the probeBase database (Loy et al. ) and in situ hybridisation was performed as described previously by Daims et al. () . Microscopic analyses were conducted using a confocal laser-scanning microscope, Olympus FluoView FV1000. Quantification was carried out by analysing 30 randomly chosen images recorded from each sample and probe. The results are defined as a percentage of the area of probetargeted bacteria to all Eubacteria detectable by EUBmix.
The calculation of the percentage was carried out using DAIME software (digital image analysis in microbial ecology; Daims et al. ) .
RESULTS AND DISCUSSION
Treatment efficiency
According to the data presented in Table 2 , along with an increasing number of feedings to the IFAS-MBSBBR, a slight increase in the effectiveness of organic compound removal was obtained, from an average of 92.7 ± 1.12% for a single feeding to 96.2 ± 1.02% for three feedings in the cycle. This observation suggests that the introduction of multiple feeding allows for better use of the organic compounds by the biomass present in the reactor. It should be noted, however, that regardless of the assumed number of wastewater feedings to the IFAS-MBSBBR, organic compound removal effectiveness was relatively high. The value of COD in the effluent was always lower than 65 mg O 2 /L, and the percentage reduction of this indicator exceeded a value of 89.9%.
In all series the effectiveness of phosphate removal was comparable (>94.5%) with an average value of the P-PO 4 3À concentration in effluent equal to 0.09 ± 0.07 mg P-PO 4 3À /L.
The results do not support the conclusion drawn by Lemaire et al. () , who, based on a mathematical simulation, found that the increase in the number of wastewater feedings in the cycle results in enhanced effectiveness of biological phosphorus removal. On the other hand, studies have shown that the number of feedings in the cycle has a significant impact on the effectiveness of TN removal in the IFAS-MBSBBR ( Table 2) . The system with a single feeding achieved nitrogen elimination at a level of 56.9 ± 2.30%. High values of N-NO x concentrations in the effluent (26.8 ± 2.65 mg N-NO x /L) with a concentration of N-NH 4 þ close to 0 indicate that in this case denitrification was the limiting process of nitrogen removal. Introducing the II unaerated fill phase to the reactor's cycle contributed to an increase in the effectiveness of removing TN (on average 88.1 ± 3.26%), which directly resulted in a significant decrease in the concentration of N-NO x in the effluent (5.67 ± 1.41 mg N-NO x /L). However, the lowest values of N-NO x in the effluent (3.48 ± 0.75 mg N-NO x /L) and the most effective TN removal (on average 91.4 ± 1.77%) were reported for three wastewater feedings (series III), which confirms its high effectiveness in relation to the process of denitrification. The beneficial effect of an increased number of wastewater feedings on nitrogen removal in batch reactors was also observed by Puig at al. Monitoring tests results: impact of the number of feedings on the performance of nutrient removal from wastewater
In order to understand the performance of nutrient removal depending on the adopted strategy of reactor feeding, in each series three monitoring tests were conducted for a single treatment cycle. On the basis of the monitoring tests, the efficiency of the following processes were determined: organic compounds removal (E COD ), denitrification (E den ), phosphate release (E RP ) and phosphate uptake (E UP ) in successive phases of the cycle (Figures 2-4) . The average values of E COD and E den were presented against the background of the available load of compound that was a substrate in the analysed biochemical process (L COD and L N-NOx, respectively), thus additionally showing the average percentage effectiveness of these processes (ɳ) (Figures 2 and 3) . The values of E RP or E UP are presented to illustrate the track of biological phosphorus removal for consecutive phases (Figure 4) . In all series, the dominant part of the COD load (above 80%) was removed from the wastewater in phases without aeration, which was connected with the use of organic compounds during denitrification and/or intracellular storage by the PAOs along with simultaneous release of P-PO 4 3À (Figures 2 and 4 , Table 3 ). In the system with a single feeding (series I), 97.4% of the N-NO x load removed from the wastewater in all of the cycles was reduced in the phase without aeration. The negligible efficiency of denitrification in the aerobic phase suggests that the observed process of phosphate uptake was carried out by using oxygen as an electron acceptor. In systems with two (series II) and three feedings (series III) it was noted that a significant part of the N-NO x load was removed in the aerobic phases ( Figure 3) . The percentage share of SND in total denitrification in the cycle increased from 2.58% in series I to 44.1% in series II, and to as much as 69.5% in series III (Table 3 ). The increasing share of SND in nitrogen removal in batch reactors along with increasing numbers of wastewater feedings was observed, inter alia, by Chen et al. Table 3) indicates that the denitrification process occurred at that time using the intracellular source of carbon. Since the reactor worked at an oxygen concentration of 5 mg O 2 /L in the aerobic phase, it can be assumed with high probability that denitrification occurred mainly in the inner layers of the biofilm, where DO had not diffused. However, aerobic conditions prevailed in the sludge flocs, and denitrifying bacteria present in this biotope utilised the DO as an electron acceptor for their respiration process. The occurrence of the denitrification process in the aerobic phases, ongoing with the use of an intracellular carbon source, allows us to state that in systems with two and three feedings the uptake of phosphates occurred by using both oxygen and N-NO x as an electron acceptor (microbiological tests confirmed the presence of denitrifying phosphorus accumulating organisms in the biomass).
When analysing the total efficiency of the denitrification process (the sum of phase efficiency in a single cycle) obtained for each series, it can be noted that its maximum value occurred in series I (14.85 ± 0.62 mg N-NO x / L·cycle) and the minimum in series III (9.72 ± 0.33 mg N-NO x /L·cycle) - Figure 3 , Table 3 . This observation might seem surprising, especially if we know that the maximum effectiveness of N removal from wastewater was obtained in series III and the minimum in series I. However, the obtained efficiency of the process depends, among other things, on the load of the substrate available for the microorganisms. In the case of batch reactors, this load was formed by compounds entering the reactor with raw wastewater and by those present in the treated wastewater which remained in the reactor after the previous cycle. In all series the load of nitrogen introduced to the reactor with the raw wastewater remained at a constant level (research was carried out using synthetic wastewater with fixed characteristics). Since nitrification efficiency was comparable, the N-NO x load which was created in a single cycle from nitrogen compounds entering the reactor with wastewater for all series was also comparable. On the other hand, a significant difference was noted with regard to the load of N-NO x remaining in the reactor after the previous cycle. In series I, because of the high N-NO x concentration in the treated wastewater, the load of N-NO x in the reactor in the first phase without aeration was as much as seven times higher than that recorded for the first phase without aeration in series II and as much as 17 times higher than that recorded for the same phase in series III. According to the data illustrating the denitrification process in series I (Figure 3) , more than 92% of the load of N-NO x present in the reactor in I Unaer.Fill was then reduced to nitrogen gas, which corresponded to the efficiency of the denitrification process at 14.85 mg N-NO x /L·cycle. Because in the next phase of treatment (I Aer.) a negligible denitrification efficiency was reported, and the process did not occur in the phase of sedimentation, a high concentration of N-NO x remained in the treated wastewater. The introduction of a double feeding strategy in the cycle and dividing the treatment cycle into two unaerated phases, two aerated phases and a sedimentation phase (assuming that the feeding of wastewater is carried out in phases without aeration preceding the aerated phases), changed the performance of the denitrification process in subsequent phases of the cycle. The first significant difference pertained to the above-mentioned N-NO x load in the reactor in I Unaer.Fill. Another difference was the removal of 34.3% of the N-NO x load resulting from the nitrification that had already taken place in the I aerated phase and reducing, in the second phase without aeration, over 60% of the N-NO x load remaining in the reactor after the I aerated phase (denitrification in II Unaer.Fill was facilitated by wastewater feeding, which was a source of organic carbon). In the case when the reactor was operated in a system of three feedings in a single cycle (consisting of three phases without aeration, three aerobic phases and a sedimentation phase), it could be noticed that, unlike in the previous systems, all phases without aeration were characterised by a very low load of N-NO x (1.40, 0.95, 0.98 mg of N-NO x /L·cycle, respectively, for I Unaer.Fill, II Unaer.Fill and III Unaer.Fill; Figure 3 ), which was also reported by Lemaire et al. () . It can therefore be assumed that during a significant part of the unaerated phase length, and in particular in I Unaer.Fill, anaerobic conditions prevailed in the IFAS-MBSBBR, in which the process of gathering up the storage substance by the PAOs was more favourable (in the case of II Unaer.Fill and III Unaer.Fill some part of the organic compounds entering the reactor with the wastewater could be oxidised using DO which had remained in the reactor after the aerated phases). The efficiency of phosphate release determined in the phases without aeration for each research series seems to confirm this hypothesis. The maximum value of P-PO 4 3À release efficiency, which indirectly indicates the maximum amount of polyhydroxyalkanoates (PHAs) accumulated in the cells of the PAOs, was recorded in phase I without aeration (I Unaer Fill) for a system with triple feeding treatment (series III). It is worth noting that a three times smaller load of organic compounds entered the reactor than in series I, and a two times smaller load than in series II. It seems that the observed phenomenon did not remain without impact on the process of denitrification in the aerated phases of the cycle, since one of the factors determining the negligible efficiency of the process in series I could be the amount of PHAs accumulated by microorganisms capable of P-PO 4 3À uptake with the use of N-NO x as electron acceptors. The data presented in Figure 4 (series III) show that despite the fact that in consecutive phases without aeration the same load of organic compounds entered the reactor, the efficiency of P-PO 4 3À release decreased (I Unaer.Fill-25.6 mg P-PO 4 3À /L, II Unaer.Fill-8.16 mg P-PO 4 3À /L and III Unaer.Fill-3.79 mg P-PO 4 3À /L). This indicates that increasingly fewer organic compounds were taken up and stored within the cells by the PAOs. One of the hypotheses is the presence of PHAs in the PAOs' cells in the II and III Unaer.Fill phases (PHAs not utilised in the I and II aerated phases, respectively). Taking into account that the COD removal efficiency in these phases remained at a comparable level, we wondered what other processes might be responsible for the reduction of COD in the effluent. A part of the organic compounds was used for denitrification and/or was oxidised using oxygen as an electron acceptor. However, a load of N-NO x that was less than 1 mg of N-NO x /L (Figure 3 ) and the short duration of aerobic conditions (2-5 minutes) at the beginning of the phases without aeration show that it could not be a predominant process. It can therefore be assumed that the remaining load of organic compounds was then collected and stored in the cells of the GAOs, although it is puzzling why this group of bacteria did not show the same activity in all of the subsequent unaerated phases. The GAOs' ability for intracellular accumulation of organic compounds under anaerobic conditions has already been widely described in the literature (e.g. Blackall et al. ) .
Microbiological tests results
The results of the microbiological tests carried out in series II and III are presented in Table 4 . After a change of the feeding number from 2 to 3, a decline was observed in the population of PAOs, both in the biofilm and in the activated sludge, with a growth of GAOs of more than three times in the biofilm and only a slight decrease in the amount of these microorganisms in the activated sludge.
It is stated that the PAO group was the most abundant bacterial group in the biofilm during both series II and III. Although phosphorus removal activity, expressed as Additionally, the lowest total denitrification efficiency in series III (discussed in the previous section) may also be a consequence of depletion of the PAOs' abundance. This correspondence confirms the observation of Kim et al. () that Candidatus Accumulibacter phosphatis is responsible for both denitrification and phosphorus removal. Perhaps the increase in GAO abundance in the biofilm results from a depletion of PAO abundance and lower competition for organic carbon and thus its higher availability. A lower abundance percentage of PAOs or GAOs in activated sludge than in the biofilm may result from the biotope structure and the more efficient anaerobic conditions in the biofilm.
PAOs and GAOs fight for easily degradable organic compounds precisely under anaerobic conditions, therefore, in this environment one should expect major fluctuations in the biocenosis. This is also confirmed by the fact that with a decreasing share of PAOs in the biofilm, the share of GAOs in the biofilm grows more than three times, while in the activated sludge the share of GAOs is comparable (Table 4 ).
Among various factors that influence the PAO-GAO competition, the impact of carbon source has been the most studied issue. Most of the research was done comparing the effect of two of the most abundant volatile fatty acids (VFA) present in wastewater: propionate and acetate (Chen et al. ; Oehmen et al. ; Wang et al. ) . However, the wastewater used in this study had only acetate as a carbon source. This constituent was found to be taken up quite quickly by GAOs compared to other carbon sources (Oehmen et al. () . Oehmen et al. () , based on previous studies and data analysis, claim that the most preferred VFA for PAOs represented by Accumulibacter is a mixture of propionate and acetate while different GAO representatives such as Competibacter and Defluviicoccus vanus prefer a sole carbon source in the form of acetate or propionate, respectively. Perhaps one but more varied feeding would allow the PAOs and GAOs to have less strong competition for the carbon source as there was always enough substrate for all the organisms at the beginning of the cycle. Division of the carbon load into two or three doses resulted in lower carbon concentrations at the beginning of a particular cycle's phase and thus could enhance the PAO-GAO competition. Due to the better affinity of GAOs to use a sole carbon source, its competitive abilities enabled this group to increase its abundance in the biofilm at the expense of the population of PAOs.
CONCLUSIONS
It was found that regardless of the method used to apply wastewater feeding to the IFAS-MBSBBR, high efficiency of both COD removal (94.8 ± 1.80%) and biological phosphorus removal (98.9 ± 0.87%) was achieved. However, along with an increase in the number of wastewater feedings, an increase in nitrogen removal efficiency was observed (from 56.9 ± 2.30% to 91.4 ± 1.77%). The number of wastewater feedings also had an impact on the process of nutrient removal from the wastewater. The contribution of SND in nitrogen removal increased along with an increased number of feedings. Moreover systems with a greater number of feedings stimulated the process of denitrifying phosphorus removal.
ACKNOWLEDGEMENTS
The study was performed as part of the research project titled 'Analyses of the possibility of using the IFAS-MBSBBR reactor for nutrient removal from wastewater, predominantly in the process of denitrifying phosphorus removal' 
